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Abstract
A typical casein micelle contains thousands of casein molecules, most of which form thermodynamically
stable complexes with nanoclusters of amorphous calcium phosphate. Like many other unfolded proteins,
caseins have an actual or potential tendency to assemble into toxic amyloid fibrils, particularly at the high
concentrations found in milk. Fibrils do not form in milk because an alternative aggregation pathway is
followed that results in formation of the casein micelle. As a result of forming micelles, nutritious milk can be
secreted and stored without causing either pathological calcification or amyloidosis of the mother's mammary
tissue. The ability to sequester nanoclusters of amorphous calcium phosphate in a stable complex is not
unique to caseins. It has been demonstrated using a number of noncasein secreted phosphoproteins and may
be of general physiological importance in preventing calcification of other biofluids and soft tissues. Thus,
competent noncasein phosphoproteins have similar patterns of phosphorylation and the same type of flexible,
unfolded conformation as caseins. The ability to suppress amyloid fibril formation by forming an alternative
amorphous aggregate is also not unique to caseins and underlies the action of molecular chaperones such as
the small heat-shock proteins. The open structure of the protein matrix of casein micelles is fragile and easily
perturbed by changes in its environment. Perturbations can cause the polypeptide chains to segregate into
regions of greater and lesser density. As a result, the reliable determination of the native structure of casein
micelles continues to be extremely challenging. The biological functions of caseins, such as their chaperone
activity, are determined by their composition and flexible conformation and by how the casein polypeptide
chains interact with each other. These same properties determine how caseins behave in the manufacture of
many dairy products and how they can be used as functional ingredients in other foods.
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 aBStraCt 
 A typical casein micelle contains thousands of casein 
molecules, most of which form thermodynamically sta-
ble complexes with nanoclusters of amorphous calcium 
phosphate. Like many other unfolded proteins, caseins 
have an actual or potential tendency to assemble into 
toxic amyloid fibrils, particularly at the high concentra-
tions found in milk. Fibrils do not form in milk because 
an alternative aggregation pathway is followed that 
results in formation of the casein micelle. As a result 
of forming micelles, nutritious milk can be secreted and 
stored without causing either pathological calcification 
or amyloidosis of the mother’s mammary tissue. The 
ability to sequester nanoclusters of amorphous calcium 
phosphate in a stable complex is not unique to caseins. 
It has been demonstrated using a number of noncasein 
secreted phosphoproteins and may be of general physi-
ological importance in preventing calcification of other 
biofluids and soft tissues. Thus, competent noncasein 
phosphoproteins have similar patterns of phosphoryla-
tion and the same type of flexible, unfolded confor-
mation as caseins. The ability to suppress amyloid 
fibril formation by forming an alternative amorphous 
aggregate is also not unique to caseins and underlies 
the action of molecular chaperones such as the small 
heat-shock proteins. The open structure of the protein 
matrix of casein micelles is fragile and easily perturbed 
by changes in its environment. Perturbations can 
cause the polypeptide chains to segregate into regions 
of greater and lesser density. As a result, the reliable 
determination of the native structure of casein micelles 
continues to be extremely challenging. The biological 
functions of caseins, such as their chaperone activity, 
are determined by their composition and flexible con-
formation and by how the casein polypeptide chains 
interact with each other. These same properties deter-
mine how caseins behave in the manufacture of many 
dairy products and how they can be used as functional 
ingredients in other foods. 
 Key words:   unfolded protein ,  molecular chaperone , 
 calcium phosphate sequestration ,  amyloid fibril 
 IntrODuCtIOn 
 Caseins evolved from members of a group of secreted 
calcium (phosphate)-binding phosphoproteins (SCPP; 
Supplementary File, sections S1 and S2, available on-
line at http://dx.doi.org/10.3168/jds.2013-6831; Kawa-
saki and Weiss, 2003; Rijnkels et al., 2003; Kawasaki et 
al., 2004, 2011; Lemay et al., 2009). In eutherian milks, 
at least 3 and normally 4 gene products are found; 
namely, αS1-, αS2-, β-, and κ-CN, but in some species 2 
quite different αS2-CN-like genes are active, raising the 
total number of gene products to as many as 5. In this 
review, we attempt to put caseins into an evolution-
ary and functional context provided by comparisons 
with other SCPP and less closely related proteins with 
similar biological functions. The scope of the review is 
summarized in Figure 1 and covers the major events of 
protein association leading to the formation of the ca-
sein micelle in milk and of a casein clot in the stomach 
of the neonate. Subsequent events of protein digestion 
and absorption are excluded. The insights gained from 
the study of caseins as unfolded SCPP are also used in 
a more speculative discussion of the behavior of caseins 
during the manufacture of milk products. 
 In only a few years, the study of unfolded proteins 
has generated a huge body of new knowledge and un-
derstanding of this large and important group (Rose, 
2002; Tompa, 2010). Our view is that unfolded proteins 
provide better models for describing caseins than either 
surfactants or globular proteins. Like many other un-
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folded proteins, bovine κ- and αS2-CN can each form 
highly structured amyloid fibrils (Farrell et al., 2003; 
Thorn et al., 2005, 2008; Léonil et al., 2008). Caseins 
also show similarities to the small heat-shock proteins 
(sHsp) in being able to act as molecular chaperones 
(Morgan et al., 2005). The molecular chaperone ac-
tion of the caseins is facilitated by their unfolded and 
flexible conformation. When interacting with a fibril-
forming target protein, for example, many alternative 
and nearly equivalent interactions of low sequence 
specificity compete with the sequence-specific interac-
tions involved in forming the cross-β-sheet structures 
of fibrils. In consequence, an amorphous aggregate is 
formed, rather than a fibril.
The properties of caseins as molecular chaperones 
provide an insight into the nature of the protein–pro-
tein interactions involved in the self-association of 
individual caseins and in the formation of amorphous 
aggregates by mixtures of caseins. Hence, in mixtures 
with other caseins, the chaperone action of the caseins 
prevents or limits (Lencki, 2007; Thorn et al., 2008) 
amyloid fibril formation. The sequences responsible for 
casein intermolecular interactions are mainly the Pro- 
and Gln-rich (P,Q-rich) sequences encoded by longer 
exons (Supplementary File, section S2; http://dx.doi.
org/10.3168/jds.2013-6831). However, a notable excep-
tion is the C-terminal sequence of κ-CN (the macropep-
tide), which does not readily form inter-protein interac-
tions because of its higher content of the hydroxy-amino 
acids Ser and Thr (S,T-rich) and negatively charged 
residues. Posttranslational modifications of the primary 
structure by glycosylation and phosphorylation further 
increase its charge density and hydrophilicity. The re-
mainder of κ-CN (para-κ-CN) is mostly composed of 
P,Q-rich sequences that can bind to similar sequences 
in other caseins. As a result, whereas κ-CN acts to 
limit the size of amorphous aggregates formed by mix-
tures with other caseins and calcium ions, para-κ-CN 
causes a similar mixture to precipitate or form a gel 
(Waugh and Talbot, 1971). With the appropriate num-
ber of sequestered nanoclusters of amorphous calcium 
phosphate (ACP), whole casein forms the amorphous 
aggregate known as the casein micelle. In the casein 
micelle, virtually all the fibrillogenic αS2-CN is bound 
to the nanoclusters of sequestered ACP (Holt, 2004) to 
further reduce its propensity to form fibrils.
Besides caseins (Holt et al., 1996, 1998; Holt, 2004; 
Little and Holt, 2004), a number of other SCPP and 
a few non-SCPP have the unfolded conformation and 
short, multi-phosphorylated, sub-sequences called phos-
phate centers (PC) that are needed to sequester ACP 
and form stable complexes (Holt et al., 2009). Solutions 
containing this type of sequestered calcium phosphate 
are thermodynamically stable provided there is a stoi-
Figure 1. Scope of the review. To avoid amyloidosis through the formation of amyloid fibrils by caseins, a mixture of 3 or more different 
caseins associate by many alternative and nearly equivalent interactions to form amorphous aggregates known as casein micelles. To prevent 
calcium phosphate precipitation, nanoclusters of amorphous calcium phosphate are sequestered by the calcium-sensitive caseins within the casein 
micelles. In the stomach of the neonate, casein micelles can form a gel either by pH reduction to around the isoelectric point of casein or by 
limited and specific cleavage of κ-casein by an aspartate proteinase.
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chiometric excess of the sequestering PC. Only bovine 
milk data have been analyzed quantitatively, and it 
has been shown (see Figure 6 of Holt, 2004) that most 
individual cow milks have an excess of PC. The ACP-
sequestering action of caseins in milk can therefore be 
regarded as an adaptation of an antecedent function 
shared with other SCPP such as osteopontin (OPN) 
in the formation of stable biofluids and the control of 
biomineralization (Holt, 2013).
A diversity of views on the structure of the casein 
micelle have been expressed in recent reviews from 
the colloid and food science perspective (de Kruif and 
Holt, 2003; Horne, 2008; Dalgleish and Corredig, 2012; 
McMahon and Oommen, 2012) and from a somewhat 
different biological perspective to that developed here 
(Farrell et al., 2006a). In this review, we consider the 
structure of the casein micelle in relation to 3 of its 
recognized biological functions. The first is the control 
of calcium phosphate precipitation through ACP se-
questration, the second is the suppression of amyloid 
fibril formation, and the third is the nutrition of the 
neonate. The first 2 functions relate primarily to the 
mother and her ability to lactate repeatedly through-
out her reproductive life. Pathological calcification or 
amyloidosis of the mammary gland would threaten not 
just the life of the mother’s neonate but also, and argu-
ably more importantly, her prospects for future repro-
ductive success. Holt and Carver (2012) suggested that 
the casein micelle was therefore one of the principal 
means by which a scarcely nutritious protolacteal fluid 
could safely evolve into highly nutritious milk without, 
at any stage, harming the reproductive prospects of the 
mother.
CaSeInS aS unFOLDeD prOteInS
Secreted Calcium (Phosphate)-Binding 
Phosphoproteins
The evolution of caseins from other SCPP is discussed 
in Supplementary File, section S1 (http://dx.doi.
org/10.3168/jds.2013-6831). Caseins are fairly typical 
SCPP in that they have both highly phosphorylated 
sequences and P,Q-rich sequences. For example, OPN 
and 4 other human SCPP have PC-like sequences; the 
N-terminal plasmin phosphopeptide of bovine OPN 
(OPN 1-149) contains 3 PC and will sequester ACP to 
form a type of nanocluster complex in much the same 
way as caseins and PC-containing casein phosphopep-
tides (Holt et al., 2009). The salivary gel-forming mucin 
MUC-7 and at least 3 other lachrymal and salivary 
human SCPP are composed almost entirely of Pro-, 
Tyr-, Ser-, and Thr-rich sequences, comparable in com-
position to the macropeptide of κ-CN (Supplementary 
Table S4; http://dx.doi.org/10.3168/jds.2013-6831). 
Salivary statherin has both a phosphorylated N-termi-
nal sequence, able to bind to tooth enamel, and a Pro-, 
Gln-, and Tyr-rich C-terminal sequence able to bind to 
bacterial fimbriae (Masica and Gray, 2009). The dental 
SCPP amelogenin contains P,Q-rich sequences similar 
in composition to those in caseins. It can self-associate 
entropically, rather like β- or κ-CN, to form monodis-
perse nanospheres of radius about 15 nm (Lakshmina-
rayanan et al., 2007; Zhang et al., 2011). After further 
proteolytic processing, it can also form a number of 
extended mesostructures that affect or guide calcium 
phosphate crystal growth in dental enamel (see reviews 
by Fincham et al., 1999; Margolis et al., 2006).
Primary, Secondary, and Tertiary  
Structures of Caseins
Among casein orthologs, there are relatively few con-
served AA sequences other than the signal peptides. 
Genomic sequences, however, show that exon length 
and translated AA composition are well conserved. 
The exon structure therefore provides a rational ba-
sis for the classification of functional sequences in 
caseins. Whereas the number of exons varies widely, 
even among orthologs, these can be divided into just 
6 types (Kawasaki et al., 2011); namely an exon en-
coding the signal peptide, a short exon type encoding 
the C-terminal sequence, and 3 types of short, internal 
exons encoding all the PC and their hydrophilic flank-
ing sequences. In addition, the P,Q-rich sequences are 
encoded by longer exons that appear to have grown 
by intra-exonic tandem duplications (Holt and Sawyer, 
1993). Reasonable alignments of orthologous caseins 
and even close paralogs can be made based on the con-
servation of exon boundaries (Martin et al., 2003). The 
alignment of 49 calcium-sensitive casein sequences in 
Supplementary File, section S2 and Table S2 (http://
dx.doi.org/10.3168/jds.2013-6831) reveals the overall 
architecture of caseins. The fully conserved features of 
all caseins appear to be the signal peptide at the N-
terminus and a P,Q-rich sequence at or near the C-ter-
minus. All the potential PC have 2 flanking hydrophilic 
sequences unless the PC is N-terminal after cleavage of 
the signal sequence, when there is only 1 such sequence. 
The PC and its flanking hydrophilic sequences comprise 
a potential ACP-binding motif. The calcium-sensitive 
caseins have between 0 and 3 potential ACP-binding 
motifs. Thus, β-CN mostly have 1, αS2-CN mostly 3, 
and αS1-CN mostly 2 potential ACP-binding motifs.
The AA sequences of SCPP have a low level of com-
plexity and are biased in composition toward forming 
an unfolded conformation. Sophisticated, multivariate 
algorithms based upon AA sequences rather than com-
6130 Holt et al.
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position have confirmed experimental findings that all 
SCPP are unfolded to a large degree (Naganagowda 
et al., 1999; Fisher et al., 2001; Syme et al., 2002; Bu-
chko et al., 2008; Schedlbauer et al., 2008; Aichmayer 
et al., 2005; Delak et al., 2009; Holt et al., 2009) with 
a predominance of the poly-l-proline type II (PP-II) 
secondary structure (Supplementary File, section S4.1; 
http://dx.doi.org/10.3168/jds.2013-6831).
Quaternary Structures and the Hydrophobic Effect
The reputation of caseins as hydrophobic proteins 
is undeserved. It was acquired originally from a sup-
posed similarity between the self-association behavior 
of casein, particularly β- and κ-CN, and the formation 
of surfactant micelles (Fox and Brodkorb, 2008). It was 
reinforced by the use of the Bigelow hydrophobicity 
scale (Bigelow, 1967), which classified β- and κ-CN as 
being among the most hydrophobic proteins known to 
science. The Bigelow scale is no longer used; it contains 
a number of errors and omissions, including an unusu-
ally high hydrophobicity for the Pro residue compared 
with the more widely accepted value, close to that of 
the hydrophilic residue His, in the scale of Kyte and 
Doolittle (1982). Proline is not classified as a hydropho-
bic residue; it is seldom found in the core of globular 
proteins (Macarthur and Thornton, 1991; Le Questel 
et al., 1993) or in clusters of hydrophobic residues 
(Arunachalam and Gautham, 2008), partly because of 
the restricted range of Ramachandran angles accessible 
to imino acids and partly because the backbone car-
bonyl moiety is an excellent H-bond acceptor, making 
the residue more hydrophilic than its hydrophobicity 
would suggest, even on the scale of Kyte and Doolittle 
(1982). Likewise, the side chain of Gln can act as an 
H-bond acceptor and donor so the energetic cost of de-
solvating Gln is high. It too is rarely found in the core 
of globular proteins (Le Questel et al., 1993). A nice 
illustration of the hydrophilicity of Pro is that Pro-rich 
oligomers tend to be quite soluble in aqueous solvents 
(Léonil et al., 1994). Caseins are surface active and will 
preferentially locate at hydrophobic interfaces, but they 
are readily displaced by denatured whey proteins (Dal-
gleish et al., 2002). When measured by the scale of Kyte 
and Doolittle (1982), caseins are, like the vast majority 
of unfolded proteins, more hydrophilic than almost all 
globular proteins (Uversky and Dunker, 2010).
All of the caseins have an amphipathic character 
because they contain one or more P,Q-rich sequences, 
which are less highly charged than the remainder of 
the polypeptide chains. For example, β-CN has been 
compared to a soap molecule with a hydrophilic N-
terminal “head,” comprising the PC and its flanking 
sequences, and a hydrophobic “tail” comprising a P,Q-
rich sequence. The self-association of β- and κ-CN has, 
accordingly, been likened to formation of soap micelles, 
where the driving force is provided by the hydropho-
bic interactions of the tail regions. The analogy with 
soap molecules is, however, of limited value. Protein 
sequences, even if they comprise hydrophobic residues, 
can interact through main-chain and side-chain H-bonds 
and other interactions not present in soap molecules. 
Moreover, the structures of casein micelles are differ-
ent from those formed by simple soaps or copolymer 
detergents. As Dalgleish pointed out (Dalgleish, 2011; 
Dalgleish and Corredig, 2012), caseins associate to form 
highly solvated structures, not the anhydrous compact 
domains of hydrocarbon chains in soap micelles.
The thermodynamic characteristics of micelle forma-
tion by detergents include a positive enthalpy change, 
an entropy increase, cooperativity, a large increase of 
specific heat, and an increase of molar volume. The 
association behavior of β-CN shows these characteris-
tics only in part (see Portnaya et al., 2006, and refer-
ences therein). Thus, association is endothermic but 
poorly cooperative and the specific heat of micellization 
changes sign with temperature. Self-association of κ-CN 
is more cooperative than that of β-CN, but is athermal 
(Payens and Vreeman, 1982). Thus, the interaction of 
β- and κ-CN cannot be likened to soap micelle forma-
tion by detergents without undue simplification.
The hydrophobic effect was originally invoked by 
Kauzmann (1959) to provide the driving force for the 
transition of a polypeptide chain from a disordered and 
solvent-exposed state to one where the globular fold 
has a substantial anhydrous core. It was thought at 
the time that a change from main-chain H-bonding to 
water molecules in the unfolded state to main-chain 
to main-chain H-bonding in the core would be ener-
getically neutral. As defined by Kautzmann (1959), the 
hydrophobic interaction in proteins is a property only 
of the side chains of residues. More recent work on the 
nature of the free energy changes in protein folding has 
recognized the difficulty of separating the hydrophobic 
effect derived from the desolvation of side chains from 
the H-bonding interactions and desolvation of the main 
chain, particularly as the latter can display the same 
thermodynamic signatures as the hydrophobic effect 
(Cooper 2000, 2005; Djikaev and Ruckenstein, 2009). 
For example, molecular dynamics simulations showed 
that perturbation of the structure of the water shells 
around the main chain of a poly-Ala sequence, going 
from its stable PP-II conformation to a β-strand, was 
reminiscent of the hydrophobic effect (Mezei et al., 
2004). In summary, an endothermic or thermoneutral 
interaction of protein chains cannot be assumed to be 
caused by the hydrophobic effect operating between 
side chains. Use of a term such as “entropic interac-
Journal of Dairy Science Vol. 96 No. 10, 2013
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tion” is more appropriate for an endothermic protein 
association process when a distinction cannot be drawn 
between main-chain and side-chain interactions.
The low sequence specificity of their interactions and 
their PP-II conformation make P,Q-rich sequences in 
proteins particularly well suited to forming extended, 
hydrated structures (Cubellis et al., 2005). The visco-
elastic properties of mucus, slimes, and other viscous 
biofluids are determined in large part by the formation 
of extended and entangled structures by mucins such as 
the SCPP mucin 7 (Supplementary Table S4, http://
dx.doi.org/10.3168/jds.2013-6831; Schenkels et al., 
1995; Thornton et al., 2008; Senapati et al., 2010). Like-
wise, P,Q-rich proteins readily form gels; for example, 
the seed storage prolamins wheat gliadin and barley 
hordein (Shewry and Halford, 2002) or the plant cell 
wall extensins (Newman and Cooper, 2011). Extended 
hydrated structures and low sequence specificity both 
point to a predominance of main-chain interactions me-
diated by direct H-bonding or through bridging water 
molecules.
Interaction of Pro-Rich PP-II Sequences  
with Globular Domains
In the formation of extended structures between un-
folded P,Q-rich proteins, the nature of the inter-chain 
contacts is not precisely known. Clues to the nature 
of the interactions come from high-resolution struc-
tural studies involving the binding of Pro-rich PP-II 
conformers to globular protein domains. Originally, 
Pro-rich PP-II sequences were known only as spacer 
or linker sequences between folded domains in multi-
domain proteins of known structure. However, as the 
study of unfolded proteins has expanded, it has become 
increasingly well recognized that their low sequence 
specificity is important in a large number of low affin-
ity protein–protein interactions in signal transduction, 
protein transcription, and other pathways (Sudol, 1998; 
Macias et al., 2002; Musacchio, 2002; Hicks and Hsu, 
2004; Polverini et al., 2008; Zhao et al., 2010). Common 
domains such as WW (named for a conserved Trp-Trp; 
Schleinkofer et al., 2004), GYF (conserved Gly-Tyr-Phe; 
Gu et al., 2005), and Src homology 3 (SH3) can bind 
and respond to a broad range of Pro-rich sequences. 
They do so through shallow hydrophobic sites but the 
molecular details of the interaction and thermodynamic 
measurements demonstrate the overwhelming impor-
tance of H-bonding. The best characterized example 
is the shallow binding site of the SH3 domain, which 
is formed from many aromatic residues (Macias et al., 
2002). A Pro-rich peptide in the PP-II conformation 
can fit into the binding groove with stacking of the 
aromatic and Pro “side chains.” A recently reported 
crystal structure located water molecules in an SH3 
binding pocket when it was occupied by a Pro-rich 
ligand (Martin-Garcia et al., 2012). Well-ordered water 
molecules were found at the binding interface forming 
H-bonds with the SH3 domain or its ligand and acting 
as bridges between them. The universally large negative 
enthalpy of Pro-rich ligand binding to SH3 domains 
suggests that the H-bonding interactions rather than 
the hydrophobic effect are dominant.
Summary of Casein P,Q-Rich Sequence Interactions
To summarize, the self-association of β- or κ-casein 
is entropic in character but there is no evidence of any 
large-scale transition from an unfolded state to a con-
densed and anhydrous globular fold in their micelles, 
nor, indeed, in casein micelles. The thermodynamic 
signatures of β- and κ-casein self-association do not 
establish that the hydrophobic effect is the only, or 
even the predominant, driving force, as maintained 
by Horne in his so-called dual binding model (Horne, 
2002, 2008), because they could equally well arise from 
the formation of a network of H-bonds (Cooper, 2000, 
2005). Indeed, it would be naïve to assume that main 
chain H-bonding was not also of importance in casein 
interactions and in many cases it may be the dominant 
form of interaction between P,Q-rich sequences. The 
source of the association behavior leads to low affinity 
binding, which will therefore be dynamic and subject 
to change as the environment of the micelles changes. 
Two examples illustrate the weak nature of the casein–
casein interactions: the cleavage of just a few residues 
from the P,Q-rich C-terminus of β-casein dramatically 
reduces its tendency to associate into micelles (Qi et al., 
2005), and the profound degree of dissociation of casein 
micelles that occurs when the sequestered nanoclusters 
of ACP are removed while other important parameters 
affecting association are kept constant (Holt, 1998).
CaSeInS aS mOLeCuLar CHaperOneS
Prevention of Protein Aggregation  
by Molecular Chaperones
The in vivo production and maintenance of proteins 
in a soluble and biologically active state requires the 
coordinated action of a number of systems spanning 
transcription, RNA processing and transport, and 
protein translation, folding, transport, and, ultimately, 
degradation. A fine balance exists between keeping a 
protein in solution at a sufficiently high concentration 
to meet biological requirements and its precipitation, 
resulting in the possible formation of an insoluble and 
inactive deposit (Baldwin and Zimm, 2000; Vendruscolo 
6132 Holt et al.
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et al., 2011). The production of deposits in the form 
of plaques and inclusion bodies has been associated 
with a variety of so-called protein conformational or 
protein misfolding diseases (e.g., Alzheimer’s disease, 
Parkinson’s disease, type-II diabetes, and cataracts). 
An insoluble deposit can arise by the association of a 
partially folded or misfolded protein into either a dis-
ordered (amorphous) or a highly ordered amyloid fibril 
containing a cross-β-sheet structure. Above a critical 
size, fibrils can precipitate from solution (Harper and 
Lansbury, 1997; Dobson, 1999; Stranks et al., 2009). 
Amyloid fibril formation and structure are considered 
in further detail in Supplementary File, section S3 
http://dx.doi.org/10.3168/jds.2013-6831). In many 
cases, the aggregation of proteins, particularly into 
amyloid fibrils, is cytotoxic and so it was important in 
the evolution of milk to avoid this potential source of 
cytotoxicity.
Arguably, the most important mechanism responsible 
for ensuring that proteins attain and remain in their 
biologically active conformation is through the action 
of molecular chaperones (Barral et al., 2004; Hartl et 
al., 2011). A molecular chaperone is a protein that can 
interact with a target protein to either stabilize the tar-
get protein against aggregation (“holdase” chaperones) 
or help it acquire its native conformation (“foldase” 
chaperones; Hartl et al., 2011). All molecular chaperones 
can interact with a range of target proteins in a manner 
that has low sequence specificity. Holdase and foldase 
chaperones often work in synergy. A holdase chaperone 
typically forms a high-molecular-mass complex with a 
partially folded state of a target protein. Formation of 
the complex prevents the indefinite self-association of 
the target protein. Examples include the intracellular 
sHsp and the extracellular chaperone clusterin. The 
activity of holdase chaperones does not require ATP 
(Carver et al., 2003; Ecroyd and Carver, 2009). Foldase 
chaperones (e.g., Hsp60 or Hsp70) actively assist in the 
folding of target proteins, often by interacting with the 
partially folded protein as it is bound to a holdase in 
a high-molecular-mass complex. The refolding activity 
of foldase chaperones is dependent on ATP hydrolysis.
The Chaperone Action of Caseins
Caseins function as holdase molecular chaperones. 
Thus, the formation of the amorphous bovine casein 
micelle prevents the potentially harmful formation of 
amyloid fibrils by the specific self-association of αS2- 
and κ-CN (see the Casein Amyloid Fibrils section). In 
this case, the target protein is another casein. More-
over, caseins can interact with and stabilize noncasein 
proteins such as β-LG under conditions of stress arising 
from, for example, heat or pressure treatments.
The initial report that αS-CN stabilized and prevent-
ed the aggregation and precipitation of heat-stressed 
proteins, including milk whey proteins (Bhattacharyya 
and Das 1999), has been followed by a number of in vi-
tro studies of the chaperone action of individual caseins 
and casein micelles with target proteins under differ-
ent stress conditions (reviewed in Yong and Foegeding, 
2010). To date, most of the work has used standard 
light scattering or fluorescence-based assays to moni-
tor protein aggregation. It is necessary to take what 
has been learned from these studies and utilize more 
complex assays to investigate this chaperone activity 
in physiologically relevant biological fluids and tissues.
As with other well-characterized holdase chaper-
one proteins, such as the sHsp (Carver et al., 2003; 
Haslbeck et al., 2005), caseins contain regions that are 
dynamic, malleable, and flexible as a consequence of 
their unfolded conformation. Furthermore, the casein 
micelle is similar to the sHsp oligomer in being a porous 
structure with many water-filled cavities and channels 
(Haslbeck et al., 2005; Trejo et al., 2011; Hanazono 
et al., 2012). Collectively, these properties facilitate 
casein interaction with, and binding to, a wide range of 
destabilized target proteins. In common with other mo-
lecular chaperones (Guha et al., 1998), bovine αS1- and 
β-CN contain a high percentage of Pro residues (9 and 
18% of the AA sequence, respectively) and lack intra-
molecular disulfide bridges, factors that contribute to 
their open conformation. The chaperone action of sHsp 
is predominantly mediated through the interaction of 
hydrophobic sequences in the sHsp and hydrophobic 
sequences in the target proteins that become exposed 
during misfolding. The equivalent interactions between 
caseins are likely to involve the P,Q-rich sequences. 
The chaperone action of caseins will likely involve the 
interaction of P,Q-rich sequences in the caseins with 
exposed hydrophobic sequences in the partially folded 
target protein.
The hydrophilicity of the phosphorylated residues 
and flanking sequences (Supplementary Table S3; 
http://dx.doi.org/10.3168/jds.2013-6831) contribute to 
the open and flexible conformation of caseins and this 
helps to stabilize the high-molecular-mass complexes 
formed between caseins and target proteins during 
chaperone action. Consistent with this, dephosphoryla-
tion of αS- and β-CN reduces their ability to prevent 
the amorphous aggregation of a number of target pro-
teins (Koudelka et al., 2009).
Like sHsp, caseins are promiscuous chaperones: they 
stabilize a range of unrelated target proteins from 
amorphous aggregation induced by heat, reduction, 
and UV-induced stress (Bhattacharyya and Das, 1999; 
Matsudomi et al., 2004; Morgan et al., 2005; Zhang 
et al., 2005; Hassanisadi et al., 2008; Koudelka et al., 
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2009; Treweek et al., 2011). Moreover, αS1- and β-CN 
can also prevent the formation of fibrillar structures by 
target proteins, including αS2- and κ-CN (Thorn et al., 
2005, 2008), ovalbumin (Khodarahmi et al., 2008), and 
amyloid-β peptide (Carrotta et al., 2012). Fibril forma-
tion by κ-CN is cytotoxic to PC-12 cells grown in cul-
ture but the effects are inhibited by αS- or β-CN (Dehle 
et al., 2010). More recently, it has been shown that 
αS2-CN is also toxic to PC-12 cells and the neuronal 
cell line SH-SY5Y [Kegomoditswe Regoeng (University 
of Adelaide, Australia), John A. Carver, and Ian F. 
Musgrave (University of Adelaide), unpublished data]. 
There is no evidence that milk itself contains cytotoxic 
amyloid fibrils and it would not be expected to contain 
such structures, given the strong and effective chaper-
one action of the naturally occurring mixture of differ-
ent caseins. Indeed, caseins may be effective in reducing 
the cytotoxicity of fibrils formed by other proteins and 
hence could have therapeutic potential in the treatment 
of diseases associated with protein misfolding.
The chaperone activity of αS-CN is higher at pH 7.0 
than in more alkaline solutions (Morgan et al., 2005). 
Intriguingly, the chaperone ability of αS-CN is enhanced 
at lower temperatures and ionic strengths (Bettelheim 
et al., 1999; Morgan et al., 2005). The average size 
of αS1-CN oligomers increases with increasing ionic 
strength and temperature (Fox 2003). Self-assembly of 
caseins is thought to be driven primarily through the 
entropic interaction of P,Q-rich sequences (see the sec-
tion on Quaternary Structures and the Hydrophobic 
Effect). Thus, as the chaperone activity of caseins is 
mediated through the same sequences, the self-associ-
ation of αS1-CN may reduce its ability to bind to and 
stabilize partially folded target proteins.
In preventing the heat-induced aggregation of cata-
lase, αS- and β-CN form stable high-molecular-mass 
complexes with the enzyme (Morgan et al., 2005; 
Zhang et al., 2005). Like the sHsp, they show no refold-
ing activity (Hassanisadi et al., 2008; Treweek et al., 
2011). However, in contrast to sHsp, target proteins 
complexed to αS-CN are not refolded by addition of 
Hsp70 and ATP (Treweek et al., 2011). This may be 
due, at least in part, to the target proteins being more 
tightly bound or buried in the complex with caseins 
than when interacting with sHsp. In the latter case, 
the target protein most likely coats the exterior of the 
sHsp oligomer (Regini et al., 2010). The tight binding 
of caseins to destabilized proteins is a property that 
could be utilized to develop them as a food stabilizing 
agent (see the Application to Food Science section).
The individual casein proteins differ in their relative 
chaperone abilities. For example, αS-CN is significantly 
better than β-CN at preventing the heat-induced aggre-
gation of ovotransferrin (Matsudomi et al., 2004) or the 
reduction-induced aggregation of the insulin B-chain 
(Morgan et al., 2005). However, β-CN is more effective 
than αS-CN at inhibiting the heat-induced aggregation 
of catalase and the reduction-induced aggregation of 
lysozyme (Zhang et al., 2005). Treweek et al. (2011) 
compared the chaperone ability of the individual αS-
CN components, αS1- and αS2-CN, to prevent the amor-
phous or fibrillar aggregation of target proteins. Under 
heating and reduction stress, the chaperone abilities of 
αS1- and αS2-CN are similar and comparable to that of 
αS-CN, whereas αS1-CN is more effective than αS2-CN at 
inhibiting fibril formation by κ-CN. Thorn et al. (2008) 
previously showed that αS1-CN is more effective than 
β-CN at inhibiting fibril formation by αS2-CN. Variation 
in the chaperone activities of the individual caseins is 
likely to depend on the target, the mode of aggregation 
(amorphous or fibrillar), and the buffer conditions, as 
has been observed for the sHsp αB-crystallin (Ecroyd 
et al., 2007; Ecroyd and Carver, 2008).
CaSeIn amYLOID FIBrILS
A causative role of amyloid fibrils (or their precur-
sors) in human disease has been suspected for well over 
a century. Research concerning amyloid fibrils attracted 
considerable interest at the turn of the new millennium 
with the discovery that peptides and proteins not as-
sociated with amyloid-containing diseases; for example, 
the all-α-helical protein myoglobin (Fandrich et al., 
2001) can be coaxed into forming fibrils in vitro that 
are very similar to fibrils found in vivo. This finding, 
along with the observation that fibril-forming polypep-
tides vary widely in terms of their size, sequence, and 
native 3-dimensional fold, led to the proposal that the 
amyloid fibril was a conformation accessible to all poly-
peptides under the appropriate conditions (Fandrich et 
al., 2001; Dobson, 2003).
With this in mind, the capacity of milk proteins to 
form fibrils in vitro was investigated. Both α-LA and 
β-LG form fibrils over a wide range of destabilizing con-
ditions (Goers et al., 2002; Hamada and Dobson, 2002; 
Arnaudov et al., 2003; de Laureto et al., 2005). Simi-
larly, BSA forms amyloid fibril-like structures at 85°C 
(Pearce et al., 2007). Clearly, this raises the possibility 
that the protein aggregates formed during many food 
processing operations are amyloid-like in character (see 
the Application to Food Science section). We and oth-
ers have shown that 2 of the 4 bovine caseins, αS2- and 
κ-CN, readily form fibrils in vitro (Farrell et al., 2003; 
Thorn et al., 2005, 2008). Crucially, and unlike other 
milk proteins, αS2- and κ-CN do so at physiological pH 
and temperature, an observation that has significant 
implications for mammary gland physiology and the 
biological role of caseins (see the Safe Secretion of High 
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Concentrations of Potentially Fibrillogenic Casein Pro-
teins section).
The propensity to form fibrils (Figure 2) under 
physiological conditions is a very common property of 
unfolded proteins, many of which (e.g., α-synuclein, 
tau, amyloid β, and islet amyloid polypeptide) are 
associated with neurological disorders and age-onset 
diabetes (Uversky, 2008). For globular proteins, par-
tial unfolding is a key step in the conversion to fibrils 
(Uversky and Fink, 2004), yet the fibrillogenic deter-
minants of the resulting partially unfolded states are 
not properly defined. One proposal is that partially 
unfolded intermediates expose specific segments prone 
to forming intermolecular β-sheet interactions that 
are normally buried safely within stable, globular pro-
teins. Indeed, Goldschmidt et al. (2010) showed, in a 
genome-wide survey, that almost all proteins contain 
at least one self-complementary, short sequence, called 
a steric zipper, that has the capability of forming a 
cross-β-sheet structure with interdigitated side chains 
(see Supplementary File, section S3.2; http://dx.doi.
org/10.3168/jds.2013-6831). They also examined non-
redundant protein structures in the Protein Data Bank 
(http://www.wwpdb.org/) to locate steric zippers in 
their 3-dimensional structures. Only 0.6% were found 
to be on the surface, where they are potentially able to 
form specific intermolecular interactions and possibly 
fibrils. The majority were safely buried in the interior. 
The possibility of burying steric zipper sequences in the 
inaccessible interior of an unfolded protein does not ex-
ist. Moreover, zipper sequences are numerous in nearly 
all the caseins (Holt and Carver, 2012), particularly 
in the P,Q-rich sequences (Supplementary File, section 
S3.2 and Table S5; http://dx.doi.org/10.3168/jds.2013-
6831). Clearly, an alternative means of avoiding fibril 
formation by caseins is necessary.
On their own (i.e., in the absence of other caseins), all 
4 bovine caseins exhibit a propensity for self-association, 
forming a variety of oligomeric species. For example, 
reduced κ-CN forms roughly spherical 30-mers (Payens 
and Vreeman, 1982), with a hydrodynamic radius of 11 
to 16 nm (Ossowski et al., 2012). These oligomers do 
Figure 2. Schematic representation of the protein folding and unfolding and off-folding pathways and the interaction of casein oligomers 
or micelles to prevent target protein aggregation under stress conditions (Thorn et al., 2009). A native protein (N) unfolds via a variety of 
intermediate states (I1, I2, …) to the unfolded state (U). This folding/unfolding pathway is fast and reversible, as indicated by the reversible 
arrows. However, if the intermediate states linger for too long (e.g., during times of cellular stress or due to mutation), they can self-associate 
via exposed hydrophobic regions that are normally buried in the native state of the protein. When self-association occurs, a partially folded 
intermediate enters an off-folding pathway which is slow and irreversible. The off-folding pathways form either an amorphous aggregate, leading 
to an amorphous insoluble protein precipitate, or a pathway forming a more ordered amyloid fibril having the cross β-sheet structure. A partially 
folded intermediate form of a target protein can interact with native casein micelles or oligomers of αS-CN (a mixture of αS1- and αS2-CN) or 
β-CN at an early stage of either of the off-folding pathways to prevent it from self-associating. In doing so, the caseins form high-molecular-mass 
complexes with the target protein. The sizes of the casein oligomer/micelle and the structures formed in the folding/unfolding and off-folding 
pathways are not shown to scale in the figure.
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not have long-term stability, and solutions show a time-
dependent increase in mass, during which the associa-
tion products become more fibrillar than spherical, with 
the eventual appearance of “rods” measuring 12 to 16 
nm in diameter and, at 37°C or higher without stirring 
or at 25°C with stirring, up to several micrometers in 
length (Thorn et al., 2005; Léonil et al., 2008; Ossowski 
et al., 2012). Similarly, αS2-CN rapidly converts from 
spherical particles to form twisted ribbons up to 1 μm 
in length when incubated at 37°C or higher (Thorn et 
al., 2008). Conditions under which αS1- and β-CN form 
fibrils have not been reported.
The molecular mechanisms by which αS2- and κ-CN 
form amyloid fibrils have not been elucidated in detail. 
It is worth noting, however, that native bovine αS2-CN 
exists mostly as dimers formed by 2 intermolecular di-
sulfide bridges (Rasmussen et al., 1999). In the case of 
native bovine κ-CN, a series of disulfide-linked multim-
ers (dimers to decamers or higher) exists (Rasmussen 
et al., 1999). These disulfide linkages largely dictate 
the oligomeric state of the precursor protein, which in 
turn is a critical determinant for fibril formation. With 
κ-CN, the monomeric form has the highest propensity 
(Ecroyd et al., 2010), whereas αS2-CN is most fibrillo-
genic in its disulfide-linked, dimeric form [D. C. Thorn, 
H. Ecroyd, M. Sunde (University of Sydney, Australia), 
and J. A. Carver, unpublished results]. Fibril formation 
by the disulfide-linked form of κ-CN found in micelles 
is therefore relatively limited at 37°C, with the rate of 
formation increasing with incubation temperature and 
disulfide bond reduction (Thorn et al., 2005). How-
ever, oxidation of Met-95 and Met-106 of κ-CN, both 
of which are outside the fibril-forming core, enhances 
fibril formation, as might occur under oxidative stress 
(Koudelka et al., 2012).
We and others have proposed that the bovine κ-CN 
fibril core is encompassed by the Tyr25-Lys86 region 
(Farrell et al., 2003; Ecroyd et al., 2008, 2010) because, 
upon fibril formation, this region is protected from 
limited proteolysis by the incorporation into, and thus 
burial of, at least part of this region in the β-sheet 
fibril core (Ecroyd et al., 2008). Examination of the AA 
sequence strongly supports this proposal: Tyr25-Lys86 
is in the adhesive part of a P,Q-rich sequence derived 
from exon 4 (Supplementary Table S4; http://dx.doi.
org/10.3168/jds.2013-6831). As noted in the Caseins 
as Unfolded Proteins section, P,Q-rich regions account 
for much of the association behavior of caseins. More-
over, Holt and Carver (2012) found that the segments 
Val48-Phe55 and Ala71-Val83 of bovine κ-CN each contain 
one or more overlapping steric zipper sequences (see 
Supplementary File, section S3.2 and Table S4; http://
dx.doi.org/10.3168/jds.2013-6831; Goldschmidt et al., 
2010). The other 3 bovine caseins also have a number of 
zipper sequences (Holt and Carver, 2012). In αS2-CN, 2 
zipper sequences, Asn83-Try89 and Gln94-Leu99, are pres-
ent within the central P,Q-rich portion of the protein, 
encoded by exon 11 (Kawasaki et al., 2011). Zipper 
sequences occur in the plasmin peptides Ala81-Val112, 
Ala81-Lys113, and Ala81-Arg125 from αS2-CN, which have 
been isolated from mineralized, amyloid-like deposits 
(corpora amylacea) in bovine mammary tissue (Nie-
wold et al., 1999). In αS1- and β-CN, zipper sequences 
may not be readily able to form complementary 
β-sheets because of competing nonspecific interactions 
with different sequences. Nevertheless, as discussed 
in Supplementary File, section S3.3 (http://dx.doi.
org/10.3168/jds.2013-6831), some tryptic peptides 
from both of these caseins contain zipper sequences and 
are readily pelleted from the tryptic digest of whole 
casein by centrifugation, suggesting that they can form 
high-molecular-weight aggregates (Léonil et al., 1994) 
under certain conditions. It is not yet known whether 
the aggregates are fibrillar or amorphous.
CaSeIn mICeLLe StruCture
Only the bovine casein micelle structure has been 
studied in detail. It is so easily perturbed by many of 
the usual methods of determining protein structure that 
very little can be concluded with certainty. Small-angle 
X-ray scattering (SAXS) provides the least perturba-
tion because only dilution is required and this can be 
achieved with minimal environmental change by means 
of a milk ultrafiltrate or equilibrium diffusate. By this 
means, the activity of water, which is very important 
in entropic association processes, together with the free 
calcium, magnesium, and phosphate ion activities and 
the pH, which control other aspects of casein micelle 
association through the sequestered ACP, are held 
very nearly constant. Small-angle neutron scattering 
(SANS) can also be measured after dilution but the 
diluent of choice is usually deuterium oxide rather than 
water and the scattering behavior is quite different to 
that seen by SAXS.
The SAXS data should therefore be given their due 
weight. Unfortunately, analysis of these data does not 
lead inexorably to a unique structure of the casein 
micelle without further information or assumptions. 
What can be obtained directly, without recourse to 
modelling, are the radius of gyration and the char-
acteristic dimension(s) (scale) of the substructure. In 
the simplest version of the nanocluster model of casein 
micelle substructure (de Kruif and Holt, 2003; Holt et 
al., 2003), the composition, equilibrium radius, mass, 
and amorphous structure of the ACP core of casein–
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calcium phosphate nanoclusters successfully predicts 
the size and average spacing of denser substructures 
within the less dense protein matrix (Holt and Hukins, 
1991; Holt et al., 2003). A thermodynamic model of 
the micelle has also been developed (Holt, 2004), which 
is based on the simplest nanocluster structural model 
(de Kruif and Holt, 2003; Holt et al., 2003). It predicts 
successfully, among other things, the partition of milk 
salts and the fraction of each of the caseins that is 
bound through one or more of its PC to the sequestered 
ACP. It also resolves the apparent paradox that the 
sequestered ACP is a basic salt in composition but an 
acidic salt according to its solubility behavior (Holt et 
al., 1989; Holt, 2004). An explicit expression for the 
equilibrium radius of the sequestered ACP nanoclusters 
has also been derived (Holt et al., 2009). More complex 
nanocluster models have been proposed that allow for a 
more inhomogeneous protein matrix (Bouchoux et al., 
2009, 2010; de Kruif et al., 2012).
Electron and atomic force microscopy have produced 
many different images of casein micelles supporting 
both nanocluster and submicelle models. Careful com-
parisons of preparation techniques suggested that 2% 
glutaraldehyde fixation induces protein substructure 
(McMahon and McManus 1998; McMahon and Oom-
men, 2008, 2012). However, if micelles are not cross-
linked, adsorbed micelles deform by flattening (Trejo 
et al., 2011; Ouanezar et al., 2012), which might itself 
induce or enlarge protein chain segregation to form la-
cunae. By contrast, crosslinking with transglutaminase 
appears not to affect casein micelle size or substructure, 
as measured by a range of scattering methods, and 
produces particles that are resistant to drastic changes 
in solvent quality (de Kruif et al., 2012). In protein 
submicellar models of casein micelle structure, the aver-
age separation of the dense substructures, about 18 nm, 
has been interpreted as the diameter of the submicelles 
(Stothart and Cebula, 1982; Stothart, 1989; Hansen et 
al., 1996; Farrell et al., 2006a). Notwithstanding the 
many difficulties of sample preparation, a number of 
recent electron microscopical methods have yielded 
images of casein micelles that do not support any sub-
micelle model but are consistent with nanocluster mod-
els (Holt et al., 1978; McMahon and McManus 1998; 
Marchin et al., 2007; Trejo et al., 2011).
The variability among species in the number of 
expressed casein genes and their relative proportions 
(Supplementary Table S1; http://dx.doi.org/10.3168/
jds.2013-6831), and differences in the architecture of 
the caseins, even among orthologs (Supplementary 
Table S2; http://dx.doi.org/10.3168/jds.2013-6831), 
suggest that there is much still to be learned about 
the structure and properties of nonbovine casein mi-
celles.
CaSeIn mICeLLe StruCture  
anD ItS BIOLOGICaL FunCtIOnS
The structure and biological functions of the casein 
micelle are intimately related. The 3 biological func-
tions of the casein micelle considered here are (1) the 
safe secretion of high concentrations of calcium and 
phosphate so that the mammary gland does not become 
calcified, (2) the safe secretion of high concentrations 
of potentially fibrillogenic casein proteins through the 
mammary gland, and (3) retention of micelles in the 
stomach of the neonate so that nutrients can be di-
gested and absorbed. Each function will be considered 
in relation to casein micelle structure.
The casein micelle should be considered a functional 
protein aggregate, distinct from aggregated species asso-
ciated with physiological dysfunction and disease (Holt 
and Carver, 2012). Farrell et al. (2006b) noted that for 
the casein micelle to achieve its functions, a number 
of necessary types of interactions must be facilitated 
along the physiological pathway, whereas interactions 
favoring dysfunctional pathways; for example, those 
leading to the formation of fibrils or other amorphous 
structures, must be avoided. We propose that the in-
teractions that predominate in both pathways may not 
be distinct. Indeed, casein association may be driven 
by a multitude of alternative and nearly equivalent 
interactions of low sequence specificity. For any given 
casein associating only with itself, the possibility of 
specific zipper sequences associating to form ordered 
fibrillar structures is at its highest, although compet-
ing nonspecific interactions may still occur. When the 
self-complementary interactions must compete with 
nonspecific interactions with a chaperone casein or a 
mixture of different caseins, then more amorphous ag-
gregation is favored. This factor may go some way to 
explaining why casein micelles are always formed from 
a number of different caseins. The interdependence of 
caseins in ensuring the safe secretion of casein micelles 
is also exemplified by the fact that, while β- and αS1-CN 
protect κ- and αS2-CN against self-aggregation leading 
to fibril formation, they, along with αS2-CN, are them-
selves protected by κ-casein from calcium ion-induced 
precipitation.
Figure 3 depicts the functional pathway leading to 
casein micelles and 2 alternative dysfunctional protein 
association pathways leading to either an indefinitely 
large amorphous precipitate or ordered fibrillar struc-
tures. The prevention of dysfunctional fibrillogenesis by 
means of a limited, functional self-association or hetero-
association with binding partners is not uncommon in 
other biological contexts. Examples include transthyre-
tin (Hurshman Babbes et al., 2008) and ataxin-3 (Ma-
sino et al., 2011), where fibrillogenic sequences become 
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accessible only in the dissociated state. Figure 3 also 
shows the dysfunctional precipitation of calcium phos-
phate, which is prevented by the physiological process 
of sequestration by caseins.
Safe Secretion of High Concentrations  
of Calcium and Phosphate
Sequestration of ACP in bovine milk is accom-
plished by the calcium-sensitive caseins (αS1, αS2, and 
β) and, by this means, dysfunctional ectopic deposits 
of calcium phosphate are prevented. There is a close 
similarity in salt and peptide composition, solubility, 
size, and structure between casein–calcium phosphate 
nanoclusters prepared in the laboratory with casein 
phosphopeptides and the sequestered ACP in native 
bovine casein micelles, strongly suggesting that most 
caseins are cemented into the micelle by links through 
their PC to an acidic ACP (Holt et al., 1989). The 
successful ab initio calculation of the salt partition in 
bovine milk confirms the correctness of this assumption 
(Holt, 2004). On average, the calculations show that 
10 to 20% of the β-CN, but much less of the αS1- and 
αS2-CN, are held in the bovine micelle only by entropic 
effects, in semiquantitative agreement with micelle pel-
leting experiments that show an increase in “soluble” 
β-CN of up to 26% on cooling. Moreover, knowing 
the core mass of the ACP nanocluster prepared in the 
laboratory and the average of 7% calcium phosphate in 
micelles allows the average distance between the ACP 
nanoclusters, λ, to be calculated. The result, λ = 18.4 
nm, provides a natural scale of chemical anisotropy in 
the casein micelle from which substructure can emerge 
(Holt et al., 2003).
Safe Secretion of High Concentrations  
of Potentially Fibrillogenic Casein Proteins
The exceptionally high casein concentration in the 
mammary alveolar lumina and repeated cycles of tissue 
remodeling are conditions that should favor fibril for-
mation due to, for example, increased protease activity 
(Aslam and Hurley, 1997) and oxidative stress (Piantoni 
et al., 2010). As with other amyloidoses and dystrophic 
Figure 3. Functional and dysfunctional processes. The functional assembly of caseins and amorphous calcium phosphate (ACP) into the 
native bovine casein micelle is the central horizontal chemical equation. In the formation of casein micelles, nanoclusters of ACP are seques-
tered by the combined action of the calcium-sensitive αS1-, αS2-, and β-CN to prevent the dysfunctional precipitation of calcium phosphate. 
The dysfunctional formation of amorphous casein precipitates of the calcium-sensitive caseins, either separately or together, is prevented by the 
chaperone-like action of κ-CN. The dysfunctional formation of amyloid fibrils by the self-association of either αS2- or κ-CN is prevented by the 
chaperone action of all other caseins.
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calcification diseases, the accumulation of amyloid fi-
brils and calcified deposits in mammary tissue has the 
potential to cause dysfunction; for example, by clogging 
small milk ducts. Nevertheless, deposits of amyloid and 
calcification are uncommon in the noncancerous mam-
mary gland and, if present, seldom affect the efficiency 
of lactation. A mammary form of serum amyloid A, 
a protein deposited during systemic amyloidosis in a 
variety of tissues, has been identified (Jacobsen et al., 
2005) and corpora amylacea containing casein peptides 
are formed in the mammary alveolar lumina during late 
lactation and involution (Nickerson et al., 1985).
The transition from a protolacteal fluid to nutritious 
milk began around 250 million years ago (Oftedal, 
2012). Any increase, however, in the concentration of 
casein or calcium phosphate would have been accompa-
nied, respectively, by an increased risk of amyloidosis 
and calcification. Holt and Carver (2012) proposed that 
both these potential problems were overcome by the 
co-secretion of ancestral β- and κ-CN to form a stable 
amorphous aggregate; that is, a primordial casein mi-
celle. In this way, progressively more nutritious fluids 
could be produced by increasing the casein micelle 
concentration without endangering the reproductive 
potential of the mother. Further increases in casein 
and calcium phosphate concentration may have neces-
sitated the diversification of ancestral β-CN into other 
calcium-sensitive caseins having an enhanced potential 
to either sequester calcium or stabilize other caseins 
prone to dysfunctional aggregation.
Unfolded proteins like the caseins can form many 
alternative and nearly equivalent intermolecular inter-
actions, especially through adhesive P,Q-rich sequences 
of low charge density, while retaining their PP-II 
secondary structure. Tandem repeats in the P,Q-rich 
sequences help to provide alternative ways of interact-
ing. The result is an open, hydrated, dynamic, and 
amorphous structure that competes effectively with 
pathways forming amyloid fibrils. Notwithstanding 
this, the affinity of amyloidophilic dyes such as Thio-
flavin T and Congo Red for casein micelles provides 
evidence of anhydrous cavities of a suitable size in the 
micelles into which the dyes can bind (Groenning et al., 
2007a,b; Lencki, 2007). In amyloid fibrils, such cavities 
run parallel to the fibril axis between the elementary 
protofilaments. If casein micelles contain dye binding 
sites formed between short lengths of protofilaments, 
then amyloid-like interactions may play a part in main-
taining their integrity.
However, on their own or in combination, calcium-
sensitive caseins can themselves precipitate at higher 
free calcium ion concentrations (Figure 3). On the other 
hand, bovine κ-CN does not sequester ACP, it is not pre-
cipitated by calcium ions, even at high concentrations 
(Dickson and Perkins, 1971; Mekmene and Gaucheron, 
2011, and it can stabilize the other calcium-sensitive 
caseins against precipitation by calcium ions (Waugh 
and Talbot, 1971). All milks contain an ortholog of 
κ-CN and, in the 6 examples where the composition of 
casein has been determined (Supplementary Table S1; 
http://dx.doi.org/10.3168/jds.2013-6831), the percent-
age of κ-CN in whole casein varies from less than 2% 
to more than 17% (Baranyi et al., 1995; Miranda et al., 
2004; Boumahrou et al., 2009; Holt and Carver, 2012). 
So vital is this stabilization for the proper formation 
and functioning of casein micelles that mice made defi-
cient in κ-CN fail to lactate (Shekar et al., 2006).
Retention of Micelles in the Stomach of the Neonate 
so that Nutrients Can be Digested and Absorbed
Caseins have a suboptimal composition in regard to 
some essential AA, particularly the sulfur-containing 
residue Met, probably because of structural require-
ments imposed by the other two functions that require 
an unfolded tertiary and nonfibrillar quaternary struc-
ture. Likewise, the open structure of the casein micelle 
can be considered a consequential property of the other 
two functions. Notwithstanding this, the open confor-
mation permits access by proteinases to the entire pri-
mary structure and hence confers a nutritional benefit. 
An amorphous ACP is not needed to make the calcium 
bioavailable to the neonate because all calcium salts 
are fully soluble under acidic conditions but the amor-
phous phase is the only form of calcium phosphate that 
can be sequestered by phosphoproteins. Even though 
most aspects of the structure of casein micelles can 
be understood in terms of its nonnutritional biologi-
cal functions, the susceptibility of the casein micelle to 
forming a rennet gel through the hydrolytic cleavage of 
the outer hairy layer or its ability to form an acid gel 
by reduction of the pH, or more likely a combination 
of both, are best understood in terms of the nutritional 
needs of the neonate.
In the limited, initial proteolysis of bovine casein mi-
celles by chymosin, the specific cleavage of the Phe105-
Met106 peptide bond of κ-CN releases into solution the 
mucin-like phosphorylated and glycosylated macrope-
ptide with a composition rich in hydroxy-amino acids 
(Supplementary Table S4; http://dx.doi.org/10.3168/
jds.2013-6831). This exposes the less hydrophilic, ad-
hesive P,Q-rich sequences on the surface of the micelle, 
which can then form a gel by means of intermicellar 
interactions. In the acid gelation reaction, the calcium 
phosphate nanoclusters dissolve progressively as the 
pH decreases, allowing the released caseins to rear-
range themselves to form a more extended network of 
interactions than was possible in the casein micelle. In 
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other words, at or near the isoelectric point, the holdase 
chaperone action of the κ-CN is not enough to prevent 
the formation of indefinitely large casein structures.
appLICatIOn tO FOOD SCIenCe
Caseins are unfolded SCPP with a tendency to form 
fibrils and act as molecular chaperones, and they have 
the ability to sequester ACP. In this section, these 
properties are considered in relation to some situations 
that occur in food processing. This brief and somewhat 
speculative treatment is for illustrative purposes only 
and is not intended to be a comprehensive review of 
food processing technology.
Casein Chaperone Action and Fibril  
Formation in Food Processing
The chaperone ability of caseins (Bhattacharyya and 
Das, 1999; Morgan et al., 2005) has potential widespread 
application in food processing; for example, in prevent-
ing undesirable precipitation of proteins and other 
components as a result of heat or pressure treatments. 
Indeed, this potential has been recognized by Yong and 
Foegeding (2010) in their review article summarizing 
the literature on casein chaperone action from 1999 to 
2008. Although studies have investigated the in vitro 
chaperone action of caseins, none has systematically 
explored the applicability of casein chaperone action 
in stabilizing food components under stress conditions, 
particularly upon heating. As Yong and Foegeding 
(2010) conclude, “Much work is still needed to convert 
these primarily model system observations to practi-
cal applications for the food industry.” Foegeding et al. 
(2010) expanded on this with their discussion on the 
possibility of utilizing the chaperone ability of caseins 
to alter the texture of foods; for example, to modify the 
density of a gel. There is a wealth of literature on the 
effects of temperature, pH, salts, lipids, sugars, and so 
on, on casein protein structure and interactions. For 
example, casein chaperone action rationalizes the well-
described phenomenon that, at 75 to 80°C, whey pro-
teins in milk partially unfold and interact with casein 
micelles to prevent whey protein precipitation or gel 
formation (summarized in Livney et al., 2003). Indeed, 
much of this literature, particularly under conditions of 
heating but also under pressure, should be reinterpreted 
and evaluated on the basis of the chaperone action of 
caseins.
For example, UHT treatment of milk can lead to ir-
reversible gel formation during storage. Electron micro-
graphs of casein micelles from aged UHT milk sometimes 
reveal protuberances, spikes, or tendrils comprising 
complexes of the whey protein β-LG and κ-CN (McMa-
hon, 1996), particularly in gelled samples stored at 4°C, 
where the tendrils often bridge between micelles. Casein 
micelle size also increases on storage, especially at room 
temperature or 37°C (Andrews et al., 1977). Various 
theories have been proposed to account for gelation, 
including proteolysis, physiochemical changes, and the 
aggregation of β-LG–κ-CN complexes that form and 
subsequently dissociate from the casein micelle in UHT 
milk (McMahon 1996). The latter theory is consistent 
with the chaperone action of κ-CN to prevent the ag-
gregation and precipitation of β-LG in UHT milk, the 
ability of κ-CN to form sheets or fibrils, possibly after 
dissociation from an oligomeric state such as a casein 
micelle (Farrell et al., 2003; Thorn et al., 2005; Ecroyd 
et al., 2008; Léonil et al., 2008), and the well-known 
phenomenon of gel formation by concentrated solutions 
of fibril-forming proteins (Guijarro et al., 1998). The 
transfer of κ-CN from the micelle into bridging fibrils 
might also contribute to the larger size of the micelles. 
A schematic illustration of the structural changes in 
casein micelles and β-LG during age-gelation of UHT 
milk is shown in Figure 4.
As discussed in the section on The Chaperone Action 
of Caseins, the chaperone ability of αS-CN increases 
with decreasing temperature (Bhattacharyya and Das, 
1999; Morgan et al., 2005). Potentially, this behavior 
could be utilized more generally in food processing to 
stabilize ingredients, particularly proteins, in frozen 
and cold foods to increase their storage and shelf life. 
In the dairy industry, the addition of αS-CN to UHT 
milk could be used to prevent age gelation during low-
temperature storage. Furthermore, because the chap-
erone ability of αS-CN to prevent the aggregation of 
β-LG at 70°C increases with decreasing pH (Morgan et 
al., 2005), it could be useful in stabilizing protein com-
ponents in low-pH foods such as cheese and fruit juice.
The fibril-forming core region of κ-CN (residues Tyr25 
to Lys86) is encompassed by the para-κ-CN peptide 
(residues 1 to 106) that is retained in the curd dur-
ing cheese making (Ecroyd et al., 2008). The obvious 
question to ask, therefore, is whether the process of 
precipitation to form the curd involves fibril formation 
by para-κ-CN. Attempts to answer this question have 
been hampered by the inherent insolubility of para-κ-
CN (Léonil et al., 2008). More work is warranted to 
explore the fibril-forming propensity of para-κ-CN and, 
more generally, to investigate whether the effects on 
the structure and other properties of milk products are 
associated with fibril formation by κ- or para-κ-CN. 
Another avenue to explore is the possibility that prote-
olysis of caseins in general leads to fibrillogenic peptide 
fragments. All 4 caseins contain sequences that are 
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predicted to form fibrils (Supplementary File, section 
S3.3; http://dx.doi.org/10.3168/jds.2013-6831; Holt 
and Carver, 2012). Thus, fibril formation by peptides 
derived from any casein may contribute to the proper-
ties of milk products that experience proteolysis during 
preparation or storage.
Different types of gels are formed when milk is 
subjected to high temperature or high pressure stress 
at low pH (summarized in Livney et al., 2003). Both 
treatments cause the whey proteins to partially unfold 
to adopt an intermediate state before gel formation 
but have different effects on casein micelle structure. 
Pressure treatments reduce the average size of casein 
micelles. Heat treatments usually have less effect but 
the dissociation of κ-CN occurs during heating and 
may not reverse fully on cooling. It is conceivable that 
a decrease in the chaperone ability of casein proteins 
occurs at high pressure (due to disruption of casein–
casein interactions within the casein micelle) so that 
they cannot prevent the unfolding and gelation of whey 
proteins as efficiently. Compared with conventional 
techniques (e.g., heating), pressure treatment of milk 
may therefore provide different textures and other 
physical properties that could have use in the develop-
ment of novel milk products such as yogurts with gel-
like textures (Gaucheron et al., 1997; Lopez-Fandino et 
al., 1997).
Shear Stress and Casein Protein Aggregation
Processing of milk via homogenization forces the 
liquid at high speed and pressure (typically 5.5 L/s 
at 14 MPa) through a small orifice. As a result, fat 
globules are broken up and the milk becomes homo-
geneous. During homogenization, the milk components 
undergo considerable shear stress. Similar shear stress 
occurs under bioprocessing events such as pump-
ing, fractionation, and ultrafiltration of milk. For the 
constituent milk proteins, shear has the potential to 
cause conformational changes, in particular unfolding. 
Indeed, it has been recognized from a series of studies 
on a diversity of proteins that shear can cause unfold-
ing of polypeptide chains to varying degrees (reviewed 
in Bekard et al., 2011).
In the case of amyloid fibril-forming proteins, it is 
well known that aggregation occurs faster and to a 
greater extent upon agitation; for example, by shaking 
or stirring. Indeed, this is a common method to induce 
and enhance the rate of fibril formation of proteins in 
vitro. Furthermore, processes that cause fragmentation 
of preformed fibrils (e.g., sonication) also prompt fibril 
growth (Knowles et al., 2007). Dunstan and colleagues 
have investigated the effects of shear flow on fibril for-
mation by a variety of proteins, including β-LG, which 
forms fibrils at low pH and high temperature (e.g., Hill 
Figure 4. Structural changes in UHT milk in terms of the molecular chaperone and fibril-forming properties of κ-CN. (A) Native casein mi-
celle containing nanoclusters of amorphous calcium phosphate in a continuous phase containing globular whey proteins; for example, β-LG. (B) 
Following UHT treatment and prolonged storage, casein micelle size increases and complexes of κ-casein and β-lactoglobulin dissociate from the 
micelle (Andrews et al., 1977). (C) A tendril comprising κ-CN and β-LG (McMahon, 1996) connecting 2 casein micelles. At higher magnification, 
the tendril is depicted as being formed from fibrillogenic κ-CN sequences in a β-sheet conformation with the β-strands oriented perpendicular 
to the fibril axis. Decorating the fibril surface are partially folded β-LG molecules.
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et al., 2006; Hamilton-Brown et al., 2008; Dunstan et 
al., 2009; Teoh et al., 2011). From these studies, it was 
concluded that shear promotes fibril formation and 
affects fibril morphology. The shear force placed on 
the protein leads to partial unfolding, facilitation of 
oligomerization, and the formation of protofibrils, the 
species that are prerequisites to mature amyloid fibrils. 
It is conceivable that similar behavior will occur for 
κ- and αS2-CN during homogenization and bioprocess-
ing events, particularly if shear disrupts the integrity 
of the casein micelle and causes the intimate associa-
tion of the casein proteins within the micelle (e.g., the 
stabilizing interaction between αS1- and αS2-CN) to be 
compromised. The effects of shear stress on individual 
caseins, their mixtures, and the casein micelle have not 
been determined but may provide significant insight 
into the effects of homogenization and bioprocessing 
on the morphology and interactions of caseins, and the 
properties of milk and processed milk products.
Environmental Effects on the Partition of Milk Salts
The equilibria among the milk salts exert a profound 
influence on milk processing behavior (reviewed in Holt 
1985, 1997; Gaucheron, 2004; Lucey and Horne, 2012). 
Two distinct effects can be discerned, even though they 
are usually confounded. On the one hand are electro-
static effects due to net protein charge determined by 
pH and the binding of ions, principally Ca2+ and Mg2+. 
On the other hand is the effect of a change in salt 
partition that determines, among other things, the par-
tition of individual caseins between the micelle and the 
continuous phase. It is noteworthy that the molecular 
chaperone and fibrillogenic properties of caseins in the 
continuous phase are expected to be much more appar-
ent than when they are associated in the micelle.
A useful tool for understanding the behavior of milk 
salts under different solution conditions is a computer 
program that models the ion equilibria and their inter-
actions with other milk components, principally caseins 
(Holt, 2004). A commercially available program uses 
a more empirical approach without explicitly allow-
ing for the protein equilibria (Mekmene et al., 2009, 
2010). The principal environmental factors affecting 
these equilibria are temperature, pressure, pH, and 
ionic strength, and these can produce effects that are 
reversible, slow to reverse, or effectively irreversible. 
Equilibrium phenomena require that (1) there be a 
stoichiometric excess of PC over the ACP generated 
by an environmental change, (2) the starting milk is 
at equilibrium, and (3) the environmental change be 
applied gradually.
There is usually a stoichiometric excess of PC in milk 
from cows in early or mid lactation but the frequency of 
metastable milks increases with stage of lactation and 
mastitis (Holt, 2004). A metastable milk contains some 
proportion of sequestered ACP in an unstable form 
which can, for example, be converted to a more crystal-
line phase such as hydroxyapatite by heating (Cross et 
al., 2005). Increasing the pH of milk can make it meta-
stable and if a strong base is used, the locally high pH 
can generate ACP, which matures into a more stable 
phase before it can be sequestered to form equilibrium 
nanocomplexes. Other irreversible or slow-to-reverse 
phenomena are acid coagulation of proteins following 
the addition of strong acids and pressure-induced dis-
sociation of caseins from micelles. The profound reduc-
tion in the size of micelles produced by high pressure 
treatments is accompanied by an apparent increase in 
“soluble” casein, calcium, and inorganic phosphate, as 
determined by pelleting experiments. Careful ultrafil-
tration experiments (Regnault et al., 2006) have shown, 
however, that the “soluble” components are still com-
plexed together but are obviously not as easily pelleted 
by a given centrifugation procedure.
Heat treatment of milk generally produces reversible 
effects on the salt partition when allowance is made 
for pH change and sufficient time is allowed for re-
equilibration (Pouliot et al., 1989a,b; On-Nom et al., 
2010). However, mineral-rich deposits build up over 
time on heated surfaces during milk processing opera-
tions such as heat sterilization. The explanation may be 
that casein micelles are excluded from the surface by 
denatured serum proteins but the aqueous phase is not. 
Hence, the micelles cannot sequester further nuclei of 
ACP as they form next to the heating element.
SummarY anD COnCLuSIOnS
The casein micelle provides solutions to physiologi-
cal risks of amyloidosis and pathological calcification 
while providing the neonate with adequate nutrition 
through the ability of the micelles to form gels by 
acidification, proteolysis, or both. These same proper-
ties are evident in dairy processing or food applica-
tions. Caseins released from the micelle by changes in 
their physiological environment behave very differently 
from the micelles themselves. Thus, individual caseins 
or fragments thereof can act as molecular chaperones 
or as fibril-forming agents. The extent to which the 
calcium-sensitive caseins can be released from the mi-
celle depends on the partition of milk salts, pH, and 
temperature. In a broader context, these properties 
provide opportunities for novel applications in food 
processing and as food additives. Although there is 
no evidence of amyloid fibrils in milk, we have specu-
lated that fibrils may form in certain dairy products. 
If tested and proved correct, then further research to 
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minimize the fibril content of dairy products may be 
advisable (Greger, 2008).
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